Abstract. The present study aimed to investigate the regulatory mechanisms by which interleukin (IL)-22 regulates cisplatin (DDP) sensitivity in osteosarcoma cells. Firstly, reverse transcription-quantitative (RT-q) PCR and western blotting demonstrated that IL-22 expression was significantly increased in osteosarcoma tissues and cell lines compared with the adjacent normal tissues and the normal osteoblast hFOB1.19 cells. Subsequently, the MG63 osteosarcoma cell line and cisplatin-resistant MG63/DDP osteosarcoma cell line were treated with different concentrations of cisplatin (2.5, 5.0, 10, 20, 40 and 80 µg/ml), and the half maximal inhibitory concentration (IC 50 ) was calculated based on the MTT assay. The results showed that the IC 50 of DDP in MG63/DDP cells was significantly higher than that in MG63 cells. Furthermore, IL-22 expression was higher in MG63/DDP cells compared with MG63 cells. Subsequently, the effects of IL-22 downregulation and overexpression on MG63/DDP and MG63 cells were assessed using the MTT assay, flow cytometry, RT-qPCR and western blotting. The IL-22 small interfering (si) RNA in MG63/DDP cells significantly decreased the IC 50 of DDP and decreased the cell viability of MG63/DDP cells. Furthermore, IL-22 RNA interference decreased BCl-2 expression and phosphorylation of STAT3, induced apoptosis, and increased the expression of Bax and cleaved caspase-3. The IL-22 overexpression plasmid had opposite effects to the observations in IL-22 siRNA-transfected MG63 cells. Overall, the present study indicated that IL-22 regulated the cell viability and apoptosis of osteosarcoma cells by regulating the activation of the STAT3 signaling pathway and affecting the expression of apoptosis-associated genes, and thereby mediating the sensitivity of osteosarcoma cells to cisplatin.
Introduction
Osteosarcoma is a malignant bone tumor derived from mesenchymal tissue (1) and usually occurs in adolescents. If treatment is not timely, 80% of patients with osteosarcoma develop lung metastasis, thus resulting in a high mortality rate (2) . However, advances in chemotherapy and advanced orthopedic surgical techniques have significantly increased the survival rates (2, 3) .
Chemotherapy for osteosarcoma is based on cisplatin, which kills the majority of tumor cells, decreases recurrence rate and improves the 5-year survival rate of patients (4, 5) . However, some patients experience tumor recurrence and metastasis due to cisplatin resistance, which seriously affect the effectiveness of treatment and the survival rate (6, 7) . The current mechanism of cisplatin resistance remains largely unclear and decreasing tumor drug resistance has become an important aspect in the treatment of osteosarcoma in recent years.
Interleukin (IL)-22 is a cytokine discovered by Dumoutier et al (8) in 2000. It encodes an α helix protein with a structure that is ~23% homologous to IL-10 and belongs to the IL-10 family (9) . A previous study has shown that IL-22 may regulate the growth of osteosarcoma cells (10) . However, whether IL-22 regulates cisplatin sensitivity in osteosarcoma cells remains unclear. Therefore, the present study was based on the hypothesis that IL-22 may enhance the chemosensitivity of osteosarcoma cells to cisplatin.
The purpose of the present study was to investigate whether IL-22 could regulate cisplatin sensitivity in osteosarcoma cells, and to further explore its underlying mechanism.
Materials and methods

Clinical samples and ethics statement.
A total of 30 paired human osteosarcoma tissues and adjacent normal tissues (2 cm from the tumor lesion) were obtained from 30 patients (age range, 20-69 years old; female to male ratio, 17:13) with osteosarcoma at Suzhou Municipal Hospital between May 2016 and May 2018. All the tissue samples were re-evaluated according to the World Health Organization classification by Interleukin-22 modulates cisplatin sensitivity of osteosarcoma cells by regulating the STAT3 signaling pathway 2 pathologists. The current study was approved by the institutional review board of the Suzhou Municipal Hospital and patients provided written informed consent.
Cell culture. The normal osteoblast cell line hFOB1.19 was used in the present study. Additionally, the human osteosarcoma cell lines MG63, SOSP-9607, U2OS and SAOS2 were also investigated. All cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C and 5% CO 2 .
The cisplatin-resistant osteosarcoma cell line MG63/DDP was generated by continuous stimulation of MG63 cells with progressively increasing concentrations of cisplatin (Sigma-Aldrich; Merck KGaA), according to a previous study (11) .
MG63 and MG63/DDP cells were treated with cisplatin at different concentrations (2.5, 5.0, 10, 20, 40 and 80 µg/ml) for 24 h to calculate the IC 50 value of cisplatin for MG63 and MG63/DDP cells.
Reverse transcription-quantitative (RT-q) PCR. Total RNA was extracted from osteosarcoma tissue samples and the osteosarcoma cell lines using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The concentration of RNA was detected using a Nanodrop2000 spectrophotometer (Thermo Fisher Scientific, Inc.). The RNA samples were stored at -80˚C for future use. Subsequently, cDNA was synthesized using a miScript Reverse Transcription kit (Qiagen), according to the manufacturer's protocol. The QuantiFast SYBR Green PCR kit (Qiagen) was used to perform the qPCR in a CFX Connect Real-Time system (Bio-Rad Laboratories, Inc.). The thermocycling conditions were as follows: Initial denaturation at 95˚C for 10 min, followed by 35 cycles of 95˚C for 15 sec and 55˚C for 40 sec. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control. Primer sequences were obtained from GenScript as required and were as follows: GAPDH forward, 5'-CTT TGG TAT CGT GGA AGG ACT C-3'; GAPDH reverse, 5'-GTA GAG GCA GGG ATG ATG TTC T-3'; IL-22 forward, 5'-CAC GGA GTC AGT ATG AGT GAG-3'; IL-22 reverse, 5'-CAA ATG CAG GCA TTT CTC AGA GA-3'; STAT3 forward, 5'-ATG GCC CAG TGG AAT CAG CTA-3'; STAT3 reverse, 5'-TCA GTA GTG GCT ACA TCC CTG-3'; Bcl-2 forward, 5'-TGG CGG TTT GCG GTG GAC-3'; Bcl-2 reverse, 5'-CCA GTG CAG GGT CCG AGG T-3'; Bax forward, 5'-ATC CAG AGA CAA GAC ATG TAC-3'; Bax reverse, 5'-TTC AGA TGT TCT AAG CCT ACG G-3'. The 2 -ΔΔCq method (12) was applied for the quantification of relative gene expression. 1,000) . Subsequently, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:2,000; cat. no. 7074; Cell Signaling Technology, Inc.) for 2 h at room temperature. The protein bands were detected using the ChemiDOC™ system (Bio-Rad, Laboratories, Inc.) with the SignalFire™ enhanced chemiluminescence reagent (cat. no. 6883; Cell Signaling Technology, Inc.). Image J 1.38X (National Institutes of Health) was used to perform the densitometry analysis.
MTT assay. Cell viability was measured using the MTT assay (Sigma-Aldrich; Merck KGaA). The cells were seeded into 96-well plates at a density of 5,000 cells/well and incubated overnight in DMEM medium supplemented with 10% FBS. Cells were treated as follows: i) MG63 and MG63/DDP cells were treated with cisplatin at different concentrations (2.5, 5.0, 10, 20, 40 and 80 µg/ml) for 24 h; ii) MG63/DDP cells were transfected with 0.2 µM IL-22 siRNA or 1 µM control siRNA for 48 h; and iii) MG63 cells were transfected with 1 µg IL-22 overexpression plasmid or 1 µg control plasmid for 48 h, the cell viability was determined. Briefly, 20 µl MTT solution (5 mg/ml in distilled water) was added to each well, and the cells were incubated for another 4 h at 37˚C, after which the medium was removed. Subsequently, 150 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added, and the optical density was measured at 490 nm on a multifunctional micro-plate reader. The experiment was repeated three times.
Cell transfection. Cells were seeded onto 6-well plates (1x10 6 cells/well) and cultured at 37˚C for 24 h. Then, MG63/DDP cells were transfected with 0.2 µM IL-22 siRNA (cat no. sc-39664; Santa Cruz Biotechnology, Inc.) or 1 µM control siRNA (scrambled control; cat no. sc-36869; Santa Cruz Biotechnology, Inc.). MG63 cells were transfected with 1 µg IL-22 overexpression plasmid (cat no. sc-403228-ACT; Santa Cruz Biotechnology, Inc.) or 1 µg control plasmid (empty vector; cat no. sc-437275; Santa Cruz Biotechnology, Inc.). Transfections were performed using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. Cells without any treatment were used as the control. The transfection efficiency was detected 48 h later using RT-qPCR and western blotting. Each experiment was repeated three times. Cells were subjected to further experiments after 48 h.
Flow cytometry assay. Cells were digested using 0.2% trypsin, washed with PBS and fixed with the 70% ethanol overnight at 4˚C. Cells were subsequently stained using the Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) kit [cat no. 70-AP101-100; Hangzhou Multi Sciences (Lianke) Biotech Co., Ltd], according to the manufacturer's instructions. The apoptosis rate was determined using a FACS Calibur flow cytometer (BD Biosciences) and analyzed with the Cell Quest software (version 5.1; BD Biosciences). The assay was performed in triplicate.
Statistical analysis. Statistical analyses were performed using GraphPad Prism software (version 5.0; GraphPad Software, Inc.). All quantitative data are expressed as the mean ± standard deviation. Comparisons between two groups were analyzed using the unpaired Student's t-test. Comparisons of multiple groups were performed by the one-way ANOVA followed by Tukey's post-hoc test. P<0.05 was used to indicate a statistically significant difference.
Results
IL-22 expression is significantly elevated in osteosarcoma tissues and cell lines.
RT-qPCR and western blotting were used to detect the expression of IL-22 in osteosarcoma tissue samples and osteosarcoma cell lines. The results showed that IL-22 protein (Fig. 1A) and mRNA (Fig. 1B ) expression levels were significantly increased in osteosarcoma tissues compared with the adjacent normal tissues. Compared with the normal osteoblast hFOB1.19 cells, the protein level of IL-22 was increased in osteosarcoma cell lines (Fig. 1C) , and was the highest in MG63 cells. RT-qPCR revealed similar changes in mRNA levels (Fig. 1D) .
IC 50 value of DDP is significantly higher in MG63/DDP cells compared with MG63 cells. MG63 and MG63/DDP cells were treated with cisplatin at different concentrations (2.5, 5.0, 10, 20, 40 and 80 µg/ml) for 24 h, and the MTT assay was used to assess cell viability ( Fig. 2A) and calculate the IC 50 values (Fig. 2B) . The results showed that the IC 50 value of DDP in MG63/DDP cells was significantly higher than that in MG63 cells (Fig. 2B) .
IL-22 expression is significantly higher in MG63/DDP cells compared with MG63 cells.
Western blotting and RT-qPCR were used to detect the expression levels of IL-22 in MG63 and MG63/DDP cells. The results showed that IL-22 expression was significantly higher in MG63/DDP cells compared with MG63 cells (Fig. 2C and D) . (Fig. 3A and B) . The transfected MG63/DDP or MG63 cells were subsequently treated with cisplatin at (Fig. 3D) were calculated based on the MTT assay. The results showed that IL-22 siRNA significantly enhanced the inhibition of cell viability rate and decreased the IC 50 value of DDP in MG63/DDP cells ( Fig. 3C and D) . Moreover, the IL-22 overexpression plasmid significantly increased IL-22 protein (Fig. 3E ) and mRNA ( Fig. 3F ) expression in MG63 cells. The IL-22-plasmid significantly decreased the cell viability inhibition rate and increased the IC 50 value of DDP in MG63 cells ( Fig. 3G and H) .
Effects of IL-22 on cell viability, apoptosis and the STAT3 signaling pathway in MG63/DDP and MG63 cells.
MG63/DDP cells were transfected with IL-22 siRNA or control siRNA and MG63 cells were transfected with the IL-22 overexpression plasmid or control plasmid for 24 h. Subsequently, cell viability was detected by the MTT assay and cell apoptosis was detected by flow cytometry. Furthermore, western blotting was used to detect the protein expression levels of apoptosis-associated factors (Bcl-2, Bax and cleaved caspase-3), STAT3 and p-STAT3. RT-qPCR was used to detect the mRNA expression of Bcl-2, Bax and STAT3. The results showed that IL-22 siRNA significantly decreased MG63/DDP cell viability (Fig. 4A ) and induced apoptosis ( Fig. 4B and C) . Furthermore, IL-22 siRNA decreased the protein expression of Bcl-2 ( Fig. 4D and H ) and p-STAT3 ( Fig. 4D and K) and increased the expression of Bax (Fig. 4D and I ) and cleaved caspase-3 protein (Fig. 4D and J) in MG63/DDP cells.
IL-22 siRNA significantly decreased the mRNA expression of Bcl-2 ( Fig. 4E ) and significantly enhanced Bax mRNA levels (Fig. 4F) . IL-22 siRNA had no significant effects on the protein and mRNA levels of STAT3 in MG63/DDP cells (Fig. 4D, G and L) . The IL-22 overexpression plasmid significantly increased MG63 cell viability (Fig. 5A ), inhibited apoptosis ( Fig. 5B and C) , increased BCl-2 expression (Fig. 5D , E and H), decreased Bax (Fig. 5D, F and I ) and cleaved caspase-3 expression (Fig. 5D and J) and increased p-STAT3 expression ( Fig. 5D and K ). There were no significant changes in the protein and mRNA levels of STAT3 among the different groups (Fig. 5D, G and L) .
Discussion
Osteosarcoma has a poor prognosis and is associated with increased recurrence rate and risk of metastasis (13) . However, the pathogenesis of osteosarcoma remains largely unknown.
Cisplatin induces apoptosis by activating the endogenous and exogenous apoptotic signaling pathways, and participates in multiple signal transduction pathways to inhibit and kill tumor cells (14) . However, cisplatin is associated with toxic side effects and drug resistance. The present study demonstrated that the IC 50 value of DDP in MG63/DDP cells was significantly higher than that of MG63 cells, indicating that these cells were resistant to DDP.
Evidence shows that elevated levels of IL-22 in several malignancies is detrimental (15-18) . In the present study, the expression of IL-22 in osteosarcoma tissue samples and osteosarcoma cell lines was determined. The results showed that IL-22 expression was significantly increased in osteosarcoma tissues and cell lines, which was consistent with a previous study (10) . The ability of IL-22 to regulate the sensitivity of osteosarcoma cells to cisplatin and its molecular mechanism was also investigated. The downregulation of IL-22 significantly decreased the IC 50 value of DDP in MG63/DDP cells, decreased the viability of MG63/DDP cells, induced apoptosis, decreased the expression of BCl-2 and promoted the expression of Bax and cleaved caspase-3. The overexpression of IL-22 significantly increased the IC 50 value of DDP in MG63 cells, increased MG63 cell viability, inhibited apoptosis, increased BCl-2 expression and decreased expression of Bax and cleaved caspase-3. This indicated that IL-22 could affect the sensitivity of osteosarcoma cells to cisplatin. The increased expression of IL-22 significantly decreased the sensitivity of osteosarcoma cells to cisplatin, whereas decreased IL-22 expression significantly increased the sensitivity of osteosarcoma cells to cisplatin.
The PI3K/AKT signaling pathway is thought to be one of the most important oncogenic pathways in human osteosarcoma, and plays a fundamental role in maintaining cell viability (19, 20) . The JAK/STAT signaling pathway is involved in several cellar processes, including cell proliferation, apoptosis and differentiation (21) . JAK2 acts as an upstream kinase to recruit STAT3 monomers in the cytosol, allowing inactive STAT3 to form active dimers that are transferred to the nucleus and bind to DNA, leading to the transcription of target genes (22, 23) . The activation of JAK2/STAT3 has been implicated in the development and progression of various tumors (24) (25) (26) (27) .
IL-22 has been reported to activate the STAT3 signaling pathway in cells and initiate downstream transduction signals (28) (29) (30) , including in osteosarcoma cells (10) . Therefore, the present investigated the effect of IL-22 expression on the STAT3 signaling pathway in DDP-treated osteosarcoma cells. IL-22 downregulation led to significantly decreased expression of p-STAT3 in MG63/DDP cells, and IL-22 overexpression caused significantly increased expression of p-STAT3 in MG63 cells. This indicated that IL-22 overexpression activated the STAT3 signaling pathway, which was consistent with a previous study (10) . The present study suggested that IL-22 may affect cisplatin resistance in osteosarcoma cells by regulating the STAT3 signaling pathway.
The present study was only a preliminary investigation into the role of IL-22 in regulating the sensitivity of osteosarcoma to cisplatin. The present study had certain limitations, and further detailed studies are required to improve the understanding on the role of IL-22 in the sensitivity of osteosarcoma cells to cisplatin. Furthermore, the effects of overexpressing IL-22 in MG63/DDP cells should be investigated. The association between the IL-22 expression level and the IC 50 of cisplatin in osteosarcoma cell lines should also be determined. Besides, in vivo studies should also be conducted in the future.
Overall, the present study indicated that IL-22 regulates cell viability and apoptosis of osteosarcoma cells by regulating the activation of the STAT3 signaling pathway and the expression of apoptosis-associated genes, thereby affecting the sensitivity of osteosarcoma cells to cisplatin. The findings of the present study indicate that IL-22 might be a novel potential diagnostic biomarker and therapeutic target of osteosarcoma. In addition, the present study provided theoretical and experimental basis for the development of a novel type of sensitizer with decreased chemotherapeutic doses of DDP, improved therapeutic effect and decreased adverse reactions.
